In order to clarify the possibility of slope failure at existing nuclear facilities, the failure behavior based on the results of the shaking table tests under 1G field of the slope model is analyzed and the failure mechanism is clarified. Secondly, the applicability of the Material Point Method as an assessment method of the behavior is made clear. The slope model was made into 1.0 m in height, and 45 degree in inclination. The record observed at JMA Kobe by The Southern Hyogo prefecture earthquake in 1995 was used for shaking as well as the sinusoidal wave. It was found that a slip surface was formed due to the increased width and localization after connecting each area where a large shear strain was generated. In addition, it is found that the formation process of the primary slip surface which observed in the tests is properly simulated by MPM analysis.
Introduction
In 2011, the Great East Japan Earthquake damaged the Tohoku region immensely with strong shaking and a tsunami. It caused natural slope failure in Hanokidaira, Shirakawa, and failure of fill dam at reservior in Sukagawa, which resulted in more than twenty deaths among a large amount of damage. Currently, there is considerable possibility of the occurrence of seismic motion stronger than the one considered in terms of design. If it occurs, it is essential to quantitatively evaluate the possibility of slope failure as well as its effect and to increase the safety of buildings and facilities. In the future, establishing a method to adequately evaluate slope failure behaviors, such as the natural slope failure and fill dam failure that occurred in Fukushima causing loss of lives, will be necessary to increase the safety of human beings and social infrastructure facilities as well as nuclear power facilities. In order to evaluate quantitatively not only the stability assessment but also the collapse behavior, the seamless evaluation from the nonlinear behavior to the collapse behavior is required. Furthermore, to evaluate the state, an analytical method is needed that allows consideration of extensive soil deformation with properties. MPM (Sulsky et al., 1995 ) is a kind of particle method and is useful to evaluate the behavior numerically.
First of all, the failure behavior based on the results of shaking table tests under 1G field of the slope model conducted in order to clarify the possibility of slope failure at existing nuclear facilities is analyzed and the failure mechanism is clarified. Secondly, We carried out simulations of shaking table tests using the material point method (MPM). The applicability of the Material Point Method (MPM) as an assessment method of the behavior is made clear.
Summary of Shaking Table Tests of Slope Model
The slope model used in this test is a simulation composed of weathering soft rock on hard bedrock, which consists of two-layer ground, base, and surface layers, as shown in Figure 1 , and is a miniature model with a 45° slope gradient and 1.0-m height. The two tests were conducted by changing the strength characteristics of the weathering tender rock. The result of the second test is shown in Figure 1 . Material mixed with silica sand No. 6, bentonite, and water with a weight ratio of 100:2:10 was used for the surface ground. The wet density was 1.55 t/m 3 , and the strength characteristic was obtained using a triaxial compression test. Under consolidateddrained condition, the cohesion was 0.3 kPa and the internal friction angle was 30°. Under consolidated-undrain condition，the cohesion was 2.3 kPa and the internal friction angle was 33°.
In the test, an accelerometer was placed in the slope to measure the response state of the slope while a laser displacement meter was placed to measure the slope surface and the apex, as shown in Figure 1 . Moreover, reference points which are used for the estimation of strain distribution in the ground were established at intervals of 5 cm both lengthwise and crosswise on the side of a glass surface of a soil layer and were photographed using a high-speed camera.
An observed seismic wave at Kobe JMA observatory during the Hyogoken-Nanbu Earthquake in 1995 and a sinusoidal wave of frequency 5Hz which has tapered the sinusoidal waves respectively forward and backward were used as an input wave for shaking. The seismic wave adjusted the time axis to 0.7 times. Both waves, whose amplitude levels were changed as shown in Table 1 , were vibrated 12 times. Acceleration as shown in Table 1 is a target value but not Slope failure occurred at the time of the second 900 Gal shaking. After a tensile crack occurred on the slope surface at the first 900 Gal shaking, and a slip surface was suddenly formed about 10 cm from the surface layer in a different place from the where shear strain developed. At the second 900 Gal shaking, slope failure occurred with movement of soil block on a slide surface formed at the first shaking, as shown in Photo 1. As this is a failure caused by a crack within soil block on a slip surface formed before the 900 Gal shaking, its assessment is difficult. Despite the behavior that this occurrence did not lead to great failure, the failure mode is considered to be valuable. The material property which affects on the failure mode have to be taken into account. 
Analysis of Failure Behavior based on Tests

Comparison of Residual Displacement Depending on Input Wave
Comparison of residual displacement depending on input wave in each slope surface location, obtained by a laser displacement meter placed on the slope surface, is shown in Figure 3 .
Residual displacement means displacement difference before and after vibration. Residual displacement of the Kobe wave and that of the sinusoidal wave were as small as 0.01 mm and were the same values at a 400 Gal shaking. In the case of greater vibrations, residual Photo 1. Failure state of slope after vibration Comparison of spatial distribution of acceleration and shear strain for 800 Gal shaking depending on input wave displacement for the sinusoidal wave was greater than that for the Kobe wave, which was irregular even at the same vibration amplitude.
Response Acceleration and Shear Strain Distribution Depending on Input Wave
First of all, depth distribution of the maximum acceleration response amplification factor depending on input wave and shaking level is shown in Figure 4 . As for maximum acceleration response amplification factor where horizontal maximum acceleration at three vertical accelerometer points from accelerometer close to the top of slope and that at shaking table position of base layer are divided respectively by maximum acceleration at shaking table position. While maximum acceleration response amplification factor is about 1.4 times at the top of slope in the case of the Kobe wave vibration compared with shaking acceleration at 800 Gal, that is 1.8 times which is greater in case of sinusoidal wave shaking so that a similar trend was seen as in residual displacement.
Secondly, we focus on response horizontal acceleration at the apex for a vibration acceleration at 800 Gal. Acceleration in slope and spatial distribution of shear strain at the time of maximum acceleration occurrence for the Kobe wave and those at the last maximum amplitude vibration 100  200  300  400  500  600  700  800  900  1000  1100  1200  1300  1400  1500  1600  1700  1800  1900  2000  2100  2200  2300  2400 for sinusoidal wave input are shown in Figure 5 . Shear strain was calculated using a method in which each movement of reference points at four corners of a 5 cm square was obtained by image analysis, and the strain was calculated by using displacement based on the procedure of finite element method. As for spatial distribution of acceleration at the same time, amplitude level significantly differs depending on a position from the shaking table to the top of the slope due to a phase difference of vibration from the shaking table position to the top of slope. However, it is found that each maximum acceleration on the periphery of the top of slope is in the same level irrespective of input wave. Based on comparison of spatial distribution of shear strain, the intensive area of shear strain with arc-shaped width can be found above the base layer in the case of sinusoidal wave, whereas the intensive area of shear strain was not successively formed with the Kobe wave.
Finally, a greater square area of shear strain above the base layer is extracted from the greater shear strain areas in slope for the sinusoidal wave, and comparison with time change of shear strain for the Kobe wave is shown in Figure 6 . As 0.5% shear strain at a 600 Gal input and shear strain less than 1% at an 800 Gal input continue to affect the sinusoidal wave, absolute quantity of strain gradually increases. Although shear strain from 0.5 to 0.7% occurs in a few waves with great acceleration amplitude for the Kobe wave, it is found that an absolute quantity of shear strength does not increase, as it does not continue as in the sinusoidal wave. Figure 6 . Time history of shear strain for 600 Gal and 800 Gal shaking depending on input wave
Change in Distribution of Shear Strain Resulting in Destruction for Sinusoidal Wave
The sinusoidal wave input resulting in failure of the slope surface layer is focused on. Change of spatial distribution of shear strain at maximum acceleration in a direction opposite to the slope at the final shaking when a target amplitude is actuated at each shaking level from 600 Gal to 900 Gal is shown in Figure 7 . This causes a discrete great shear strain area at a 600 Gal shaking, and it grows and expands at 700 Gal. Something like a slip surafce can be found by linking those areas. At an 800 Gal shaking, it can be linked, and the width is expanded. Moreover, it is formed in a higher strain area where greater strain areas lie in a row at a 900 Gal shaking. The area of higher strain is formed in the area above the base higher than the slip surface position estimated based on circler slip surface due to equilibrium of forces. This suggests that response is important rather than the acting force to the slope.
Assessment of Failure Behavior by MPM
Analysis with MPM was conducted on the sinusoidal wave shaking with 800 Gal input using a stress-strain model based on the yield condition for the Drucker-Prager model in which parameters were adjusted to make the stress-strain relationship of slope material correspond to the relationship obtained by the triaxial compression test (consolidated-undrained condition). Input wave successively actuate from 600 Gal to 900 Gal in order to consider the effect of input wave before 800 Gal. Distribution of shear strain at the time identical to the time shown in Figure 7 is shown as in Figure 8 . Great sections of shear strain above the base layer were successively formed in an arc shape. Although the test results were generally described, failure behavior in the surface area did not recur. Moreover, comparisons between the test result and MPM analysis result are shown in Figure 9 as for residual displacement quantity on slope position as shown in Fig. 3 . Although the analysis result was a value a few times greater than the test result at 900 Gal, it is considered an overestimation at below 800 Gal. 
Concluding Remarks
Based on the results of the shaking table test in 1G gravitational field of the slope model, explication of slope failure mechanism and recurrence analysis by MPM were attempted. As a process of formation of a slip surface, it was found that a slip surface was formed due to the increased width and localization after connecting each area where a large shear strain was generated. However, the slip surface occurred in the surface layer after a tensile crack occurred in the slope surface within sliding earth mass. Estimation of such a failure shape will be a future issue. In addition, the quantitative estimation of deformation is considered to depend on the constitutive model, although the formation process of the primary slip surface which observed in the tests is simulated properly by MPM analysis. Improvement of recurrence level by analysis, including implementation of analysis in which another constitutive model is used, will be our future issues.
